Vertical transmission of viruses in breast milk can expose neonates to infectious pathogens at a time when the capacity of their immune system to control infections is limited. We developed a mouse model to study the outcomes of acquisition of murine cytomegalovirus (MCMV) when neonates are breastfed by mothers with acute or latent infection. Breast milk leukocytes collected from lactating mice were examined for the presence of MCMV IE-1 mRNA by reverse transcription-PCR (RT-PCR) with Southern analysis. As determined by this criterion, breast milk leukocytes from both acute and latent mothers were positive for MCMV. This mimics the outcome seen in humans with latent cytomegalovirus infection, where reactivation of virus occurs specifically in the lactating mammary gland. Interestingly, intraperitoneal injection of breast milk collected from mothers with latent infection was sufficient to transfer MCMV to neonatal mice, demonstrating that breast milk was a source of virus. Furthermore, we found that MCMV was transmitted from infected mothers to breastfed neonates, with MCMV IE-1 mRNA or infectious virus present in multiple organs, including the brain. In fact, 1 day of nursing was sufficient to transmit MCMV from latent mothers to breastfed neonatal mice. Together, these data validate this mouse model of vertical transmission of MCMV from mothers with acute or latent MCMV infection to breastfed neonates. Its relevance to human disease should prove useful in future studies designed to elucidate the immunological and pathological ramifications of neonatal infection acquired via this natural route.
Human cytomegalovirus (HCMV) is a leading viral cause of congenital birth defects, infecting 0.5 to 2% of newborns throughout the world. While the majority of newborns are free of symptoms at birth, approximately 10% exhibit evidence of infection, including microcephaly, jaundice, and hepatosplenomegaly (9, 59) . Furthermore, 10% of newborns that are asymptomatic at birth develop neurological problems later on, most notably sensorineural hearing loss (15) . The impact of HCMV infection on infants, as well as on members of immunocompromised groups such as the elderly, HIV-infected patients, or transplant recipients, emphasizes the need for the development of an effective vaccine to prevent HCMV infection (2, 62) .
In addition to congenital infection, HCMV can be transmitted from seropositive mothers to newborn infants during breastfeeding. Isolation of HCMV from human breast milk was first reported in the late 1960s and has been routinely documented thereafter (11, 14, 21, 61, 69) . Results of a study by Hayes et al. (23) showed that the incidence of HCMV in breast milk does not correlate with viral shedding in urine, suggesting that reactivation of HCMV may be specific for the lactating mammary gland as opposed to being systemic in nature. Interestingly, transmission of HCMV from breast milk, even in the presence of maternal neutralizing antibodies, occurs in 25 to 50% of term infants (11, 14, 21, 61, 69) . However, even at this high rate of transmission, no evidence of HCMVrelated illness at birth or within a 4-year follow-up period has been noted. In contrast, transmission of HCMV via breast milk in some low-birth-weight (less than 1,500 g) infants leads to the development of severe sepsis-like disease (3, 11, 12, 14, 21, 38, 40, 41, 61, 69) . Thus, transmission of the virus via breast milk poses a risk to preterm infants and must be carefully weighed against the nutritional, immunological, psychological, and developmental benefits of breastfeeding.
Children infected with HCMV early in life tend to shed virus for extended periods, in some cases up to 5 years after the initial infection (1, 58) . This increases horizontal transmission of HCMV from child to child in the close interactive setting of day care centers. In addition, this represents a new source of infection for seronegative parents, particularly targeting women of childbearing age. Indeed, 50% of all seronegative mothers acquire HCMV from their infected infant, and transmission of HCMV from child to mother to unborn fetus is known to occur (46, 71) . Thus, the efficient transfer of HCMV via breast milk to infants may enhance continuous viral shedding in young children and indirectly increase the risk of congenital HCMV transmission. Alternatively, virus acquired via this natural route of infection could elicit immune control sufficient to protect the individual and, more importantly, to interrupt spread of the virus to at-risk individuals.
Murine cytomegalovirus (MCMV) shares several hallmarks with HCMV, making it a useful model for examining viral infection within its natural host. MCMV has provided a wealth of information concerning viral infection in adult mice, and yet studies of neonatal mice have been limited. Intraperitoneal (i.p.) infection of BALB/c mice with MCMV at less than 24 h after birth, even at a low viral dose of 200 PFU, results in increased neonatal mortality and high viral loads in peripheral organs (52) . Surviving mice display characteristics of growth retardation and persistent viral shedding in salivary glands for up to 6 months, in similarity to descriptions of HCMV shedding in infants and young children (1, 58) . After that time the virus becomes latent, maintaining a higher copy number of latent genomes in organs than is seen in mice infected with MCMV as adults (52) . Intraperitoneal inoculation of neonatal mice with MCMV also leads to dissemination of the virus from peripheral organs to focal regions within the brain and is associated with the recruitment of mononuclear cells to these areas (29) . A similar pattern of scattered focal infection with infiltrating mononuclear cells occurs in infants with congenital HCMV infection and is witnessed upon direct intracerebral infection of newborn mice with MCMV (30, 37, 48, 68) . However, neither intracerebral nor i.p. inoculation with MCMV models a natural route of HCMV infection in human infants.
We have developed an animal model to study the outcomes of MCMV infection transmitted in breast milk. MCMV was detected in breast milk leukocytes collected from lactating mice with acute or latent infection. The reactivation of MCMV in the lactating mammary gland of mice with latent infection mimicked the process known to occur in humans. Furthermore, MCMV was transmitted from infected mothers to breastfed neonates, with MCMV IE-1 mRNA or infectious virus present in multiple organs, including the brain. Interestingly, nursing for 1 day on mothers with latent MCMV infection was sufficient to allow transmission of MCMV to both susceptible (BALB/c) and resistant (C57BL/6) strains of neonatal mice. On the basis of these findings, we believe that this model provides a novel means to examine the mechanisms controlling vertical transmission of virus in breast milk. Neonatal infection with MCMV in the presence of maternal antibodies may inhibit or enhance the antiviral immune response in neonates, either of which would have a significant impact on vaccination strategies. Thus, this model should prove useful in future studies designed to elucidate the immunological and pathological outcomes of neonatal infection acquired via this natural route.
MATERIALS AND METHODS
Viral inoculation of mice. Stocks of MCMV strain Smith (ATCC VR-1399) and MCMV-GFP strain Smith (a generous gift from John Hamilton, Department of Veterans Affairs, Durham, NC [24] ) were propagated in mouse embryonic cells (MEC) and purified as described previously (7) . Virus titers were determined by standard plaque assays. C57BL/6 mice, purchased from The Jackson Laboratory (Bar Harbor, ME), were infected by i.p. injection with 300 to 30,000 PFU of MCMV as indicated in the text. Infected mice housed for 16 weeks were considered to have latent MCMV infection (26) . Pregnant or lactating mice with latent MCMV infection were termed "latent mothers," whereas lactating female mice infected (i.p.) 6 days after the birth of their litters were termed "acute mothers." Oral infection of 6-day-old pups was performed by administering 1,000 PFU of MCMV Smith in a 25-l final volume through soft polyethylene tubing (Becton Dickinson, Sparks, MD) (outer diameter, 1.09 mm; inner diameter, 0.38 mm) attached to a 28-gauge needle. Virus was suspended in sterile phosphate-buffered saline (PBS) containing 0.1% green food color (McCormick & Company, Sparks, MD) to aid in visualization of virus delivery into the stomach. Newborn BALB/c (Thy1.1) mice, used in foster nursing experiments, were from colonies maintained at the University of Connecticut Health Center (the colonies were originally obtained from Scripps Research Institute, La Jolla, CA). All mice were fed sterile food and water and housed in microisolators under specific pathogen-free conditions. Their care was in accordance with institutional and Office of Laboratory Animal Welfare guidelines.
Collection and analysis of breast milk. Lactating female mice were anesthetized with ketamine or xylazine 11 to 14 days after birth of their litters and then treated by i.p. injection of 2 IU of oxytocin (Sigma-Aldrich, St. Louis, MO) to induce milk "let down." Individual teats were milked with a suction apparatus attached to plastic pipet tips and a collection trap. The suction flow rate was typically set at 1.5 liters/min of air to produce a continual stream of milk and to minimize trauma to teats. Typically, 100 to 200 l of milk was collected per nursing mother. A 1-ml volume of (calcium-and magnesium-free) Dulbecco's PBS (DPBS) was added to each sample prior to centrifugation at 4°C and 100 ϫ g in an Eppendorf 5415R centrifuge. Using this approach, we were able to collect approximately 1 ϫ 10 6 cells (primarily macrophages) from breast milk samples for isolation of RNA to evaluate MCMV gene expression by reverse transcription-PCR (RT-PCR) with Southern analysis.
Neonatal CD-1 mice were injected with breast milk collected from 3 individual latent mothers. Milk samples from each mother were diluted 1:2 in sterile DPBS and injected (i.p.) into two 6-day-old pups. Milk-injected neonatal pups, along with 2 siblings that were not injected and that served as controls, continued to nurse on their uninfected mothers. Seven days later, the injected and control siblings were sacrificed and RNA prepared from their brain, liver, lung, spleen, salivary glands, and kidney was examined for MCMV IE-1 gene expression by RT-PCR with Southern analysis.
Isolation of RNA for RT-PCR and nested PCR analysis. Mice were sacrificed at various times (when mice were 1 to 22 days of age) as indicated in the text. Brain, liver, lung, spleen, kidney, and salivary gland tissues were harvested, immediately frozen in liquid nitrogen, and stored at Ϫ80°C. With the exception of one experiment, total RNA was isolated from organs by the use of an RNA extraction kit containing DNase I (Absolutely RNA Miniprep kit; Stratagene, Inc., La Jolla, CA). In one experiment (Fig. 1) , nucleic acid was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). In addition, RNA was isolated from blood leukocytes by the use of a PureLink Total RNA blood purification kit (Invitrogen). RT-PCR analysis was performed using 3 g of total RNA and a OneStep RT-PCR kit (Invitrogen) with primers specific for MCMV IE-1 (forward, 5Ј-CCTCGAGTCTGGAACCGAAA-3Ј; reverse, 5Ј-TACAGGACAACA GAACGCTC-3Ј; designed by Kurz et al. [32] ) and the reference gene ␤-actin (forward, 5Ј-GATGCCACAGGATTCCATA-3Ј; reverse, 5Ј-AGAGGGAAATC P-labeled probe specific for MCMV IE-1. The probe contained the entire spliced open reading frame of MCMV IE-1 (from plasmid GS62-pp89; generous gift of Deborah Spector, University of California, San Diego, San Diego, CA). For size markers, peritoneal exudate cells (PerC) were collected by lavage from an adult mouse 3 days after MCMV i.p. infection (30,000 PFU). Total RNA, isolated from PerC in the absence of DNase I treatment, allowed the distinction between genomic DNA (310 bp) and spliced mRNA (188 bp) in amplified IE-1 products to be determined by RT-PCR with Southern analysis as described by Kurz et al. (32) .
If no amplified product was observed after the first RT-PCR with Southern blotting, in some cases (as noted in the text) a nested PCR was performed using 3 to 5 l of amplified product and nested primers for MCMV IE-1 (forward, 5Ј-CGTCCGCTGTGACCTGACTC-3Ј; reverse, 5Ј-AGCATGCTTGATGGCC ATGT-3Ј). After 35 cycles, Southern analysis was performed as detailed above.
Detection of infectious virus in neonatal mice. Lactating latent mothers nursed pups from their own litters or age-matched BALB/c neonatal mice (referred to as "foster-nursed"). After 12 to14 days, suckling neonates were sacrificed for collection of brain, liver, lung, and kidney tissue. A 10% (wt/vol) organ homogenate was prepared in Dulbecco's modified Eagle's medium (DMEM)-10% fetal calf serum (FCS)-10% dimethyl sulfoxide (DMSO), sonicated for 30 s, and then centrifuged to remove cellular debris. The resulting organ homogenates were diluted 1:5 in DMEM-10% FCS and used to infect monolayers of MEC in a 48-well plate. Monolayers were monitored daily for 1 to 22 days for signs of cytopathic effect (CPE), with the medium being changed every 5 days. To confirm that the homogenized organ had no inhibitory effect on viral CPE, 10 PFU of MCMV Smith was added to 50 l of each sample prior to incubation on MEC and results were compared to those obtained with MEC infected with 10 PFU of MCMV in medium alone.
Seroconversion. C57BL/6 MEC monolayers were infected with MCMV Smith at a multiplicity of infection (MOI) of 0.1 or mock infected. When CPE reached 80%, cellular monolayers were harvested, clarified by centrifugation at 400 ϫ g for 10 min, and suspended in 1/10 the original volume of DPBS. Proteins from infected or uninfected whole-cell lysates were separated by polyacrylamide gel electrophoresis (PAGE), transferred to Protran nitrocellulose membranes (Whatman Inc., Piscataway, NJ), and probed with a 1:200 dilution of serum from pups (nursed by latent mothers) 4 months after birth. Detection was performed with goat anti-mouse IgG-horseradish peroxidase (HRP) (1:5,000) and a Western blot amplification kit (Bio-Rad). Serum from MCMV-infected and uninfected mice served as positive and negative controls, respectively.
Histological evaluation. Newborn mice were sacrificed after 7 days of nursing on acute mothers. Age-matched newborn mice, nursing on uninfected mothers, were used as controls. Livers were removed, fixed with 10% buffered formalin, and embedded in paraffin using conventional methods. Sections were stained with hematoxylin and eosin (H&E) for histological examination and were read without previous knowledge of experimental conditions by Faripour Forouhar (Department of Pathology, University of Connecticut Health Center).
Statistical analysis. Analysis of data from experiments with three or more groups was performed using a using one-way analysis of variance (ANOVA), followed by a Newman-Keuls post hoc test. All tests were performed using Prism 5.0 software (GraphPadSoftware, La Jolla, CA), with a probability of P Ͻ 0.05 considered to be significant.
RESULTS
Neonatal mice were susceptible to oral infection with MCMV. To develop a model to study the outcome of MCMV infection transmitted by breast milk, we first determined whether orally administered MCMV could infect neonatal mice. Six-day-old pups were inoculated with MCMV (Smith; 1,000 PFU) by gavage using soft polyethylene tubing. At 4, 7, or 10 days after feeding, RNA was prepared from brain, liver, lung, spleen, kidney, and salivary gland tissue and examined for the presence of MCMV IE-1 mRNA by RT-PCR with Southern analysis. As shown in Fig. 1 , MCMV IE-1 mRNA was detected in the lung and liver of pups at 4, 7, and 10 days after infection. In addition, MCMV IE-1 mRNA was present in the kidney after 7 and 10 days, as well as in the brain after 10 days. MCMV IE-1 mRNA was also detected in the spleen and salivary gland tissue from the same mice at all time points (data not shown). Thus, ingestion of MCMV can result in viral infection accompanied by dissemination of virus to multiple organs in neonatal mice.
MCMV disseminated to the lactating mammary gland following acute infection was transmitted to breastfed neonatal mice. Six days after the birth of their litters, lactating mice were infected (i.p.) with 300 PFU of MCMV-GFP ("acute mothers"). Leukocytes were collected from the milk 5 days after infection and examined for MCMV IE-1 mRNA by RT-PCR with Southern analysis. As presented in Fig. 1 (and throughout this paper), we used a strategy, previously described by Kurz et al. (32) , whereby forward and reverse primers selected for RT-PCR analysis are located within the third and fourth exons of the IE-1 gene, respectively. This approach distinguishes mRNA (188 bp) encoded by the virus from genomic DNA (310 bp). This was illustrated using total RNA (in the absence of DNase treatment) isolated from leukocytes collected from the peritoneal cavity (PerC) of an MCMV-infected (i.p.) adult mouse ( Fig. 2A) , where both IE-1 genomic DNA (310 bp) and IE-1 mRNA (188 bp) were amplified. Interestingly, MCMV IE-1 mRNA was detected in total RNA isolated from breast milk leukocytes collected from two acute mothers but not in RNA from an uninfected mother. These findings demonstrated that primary MCMV infection, initiated by i.p. inoculation during lactation, resulted in dissemination of cell-associated virus into breast milk.
To demonstrate the feasibility of MCMV transmission from infected mothers to nursing pups, the following experiment was performed. Neonates, breastfed by acute mothers, were sacrificed after various times of nursing and examined for evidence of viral infection. As MCMV was readily detected in neonatal lungs after oral infection (Fig. 1) , we examined RNA prepared from this organ as an indicator of the presence of ingested MCMV. By the use of the strategy described above, pups nursed by acute mothers were sacrificed 5, 7, 9, or 12 days after maternal infection. RT-PCR with Southern analysis demonstrated that MCMV IE-1 mRNA was present in lungs from pups on days 7 and 12 after maternal infection (Fig. 2B ).
An additional criterion indicative of MCMV infection is virus-induced pathology in the liver (44, 45) . To evaluate this parameter in our model, livers prepared from neonatal mice breastfed for 7 days by an uninfected mother, or by a mother with acute MCMV infection, were subjected to histological evaluation. In contrast to pups nursed by uninfected mothers (Fig. 2C) , livers from pups nursed by acute mothers had inflammatory foci, comprising small discrete clusters of monocytes and lymphocytes, scattered throughout the liver ( Fig. 2D and E). This pathology is indicative of lobular hepatitis, a well-documented nonspecific outcome of viral infections, following MCMV infection in adult mice (44, 45) . In addition, hepatocytes containing mitotic figures were readily detected in livers from pups nursed by acute mothers (data not shown), suggesting the induction of cellular repair processes, perhaps in response to viral-induced organ damage. These pathological findings substantiated the molecular evidence of MCMV trans- mission from virally infected mothers to breastfed neonatal mice. Reactivation of MCMV in the lactating mammary gland, with transmission to breastfed neonatal mice. The incidence of HCMV in breast milk, along with the high rate of vertical transmission from mothers to breastfed infants, has previously been documented (11, 14, 21, 61, 69) . Neonatal acquisition of HCMV infection via this common route could occur following a primary acute infection or when virus reactivates from latency during lactation (14, 58) . Therefore, to mimic the human condition of mothers with latent HCMV infection, we modified our model to evaluate whether mothers with latent MCMV infection could represent a source of virus transmissible to neonatal mice. To this end, we infected female C57BL/6 mice with various doses (300 PFU, 3,000 PFU, or 30,000 PFU) of MCMV strain Smith by i.p. injection and waited at least 16 weeks to establish viral latency (26) . Mice with latent MCMV infection were bred; those that were pregnant or lactating are referred to as latent mothers. Leukocytes from breast milk or peripheral blood were collected from latent mothers 11 to 14 days after the birth of their litters, and RNA prepared from these samples was analyzed for the presence of MCMV IE-1 gene expression by RT-PCR with Southern analysis. As shown in Fig. 3A , MCMV IE-1 mRNA was detected in breast milk leukocytes from two latent mothers infected with 30,000 PFU but was not detected in their peripheral blood leukocytes. These findings are consistent with human data demonstrating that reactivation of latent HCMV is specific for the lactating mammary gland and is not systemic in nature (23) . In our studies, collection of breast milk was a one-time event, because it placed survival of the litter in jeopardy. Thus, milk collection was performed only in those experiments in which pups were coordinately sacrificed. Even though the number of breast milk leukocyte samples was limited, we found that 50% of the samples tested were positive for MCMV IE-1 gene expression. Specifically, 1 of 2 samples from latent mothers infected with 300 PFU of MCMV, 3 of 8 samples from latent mothers infected with 3,000 PFU of MCMV, and 2 of 2 samples from latent mothers infected with 30,000 PFU of MCMV gave positive results.
To determine whether breast milk from latent mothers was sufficient to transmit MCMV to neonates, breast milk from 3 individual lactating latent mothers was collected and directly administered to neonatal mice. A final volume of 80 l (milk A) or 150 l (milk B or C) of breast milk was collected from each latent mother, diluted 1:2 with DPBS, and then injected (i.p) into two 6-day-old CD-1 pups. These pups, along with 2 uninfected siblings, continued to nurse on the uninfected mother for 7 days. At this time, brain, liver, lung, spleen, kidney, and salivary glands were collected from all nursing pups and total RNA was analyzed by RT-PCR with Southern analysis for MCMV IE-1 gene expression. As shown in Fig. 3B , evidence of MCMV infection was detected in organs from all six pups, with the liver and salivary glands being positive in 5 of 6 and 4 of 6 pups, respectively. No evidence of MCMV IE-1 mRNA was found in the brain of neonatal mice i.p. injected at 6 days of age with breast milk from lactating latent mothers. In addition, no evidence of MCMV IE-1 gene expression was noted in the 2 uninfected siblings nursed by the same uninfected mother (data not shown). Thus, breast milk (containing reactivated MCMV) from latent mothers was sufficient to transmit MCMV infection upon injection (i.p.) into neonatal mice. Furthermore, latent mothers A, B, and C vertically trans- Widespread tissue distribution of MCMV in neonatal mice nursed by latent mothers. Dissemination of MCMV in adult mice has been thoroughly characterized and is dependent upon the route of infection. Typically, MCMV replication occurs at the site of entry and then spreads to other peripheral target organs. No information is available concerning MCMV distribution and spread upon oral infection, particularly for neonatal mice. Therefore, we bred 10 female mice latently infected with MCMV and examined their offspring for evidence of virus (see Table 1 , experiment 3). All of the pups from five latent mothers (mothers B, C, F, G, and I) died at birth or within the first 3 days postpartum. The surviving pups were nursed by their latent mothers for 5, 7, 10, 12, 15, 18, or 21 days; at each time point, 3 neonates were sacrificed for analysis (with 4 neonatal mice sacrificed on day 21). RNA was prepared from various organs and evaluated by nested RT-PCR with Southern analysis. Representative raw data, depicting MCMV IE-1 mRNA expression in kidneys from pups of various days of age, are shown in Fig. 4A . Here, 100% (3 of 3) of neonatal mice were positive on days 7, 15, and 18, while 33% of neonates (1 of 3) were positive on days 5 and 12. A summary of the findings was expressed as a heat map, illustrating the percentages of mice with MCMV IE-1 mRNA in each organ at each day after birth (Fig. 4B) . Although we could not control for viral dosing in this study (e.g., levels of reactivation in different lactating mothers, level of MCMV in breast milk, or volume of milk consumed), MCMV IE-1 mRNA was expressed in tissues of two or more organs from all surviving neonatal mice (total of 22 pups). Overall, these findings demonstrated that reactivation of MCMV in the lactating mammary gland of latent mothers resulted in a widespread tissue distribution of MCMV gene expression in neonatal mice.
Data from 4 independent experiments analyzing transmission of MCMV Smith from latent mothers to nursing pups are shown in Table 1 . Here, the size of the litter at birth, the neonatal survival rate, and the efficiency of MCMV transmission to nursing pups were followed for the litters from 24 latent mothers infected with either 300 PFU (experiment 1) or 3,000 PFU (experiments 2 to 4) of MCMV. While these findings cannot account for neonatal death in utero or determine the number of pups born dead and cannibalized, 52 of 118 live births exhibited long-term survival (44% survival rate). Of interest, 54 of the 60 pups nursed (or foster nursed) by latent mothers demonstrated evidence of MCMV infection. Therefore, vertical transmission of MCMV from latent mothers to nursing pups appeared to be an efficient process.
Nursing for 1 day was sufficient to transmit MCMV to neonatal mice. We were surprised to find widespread distribution of MCMV IE-1 mRNA in multiple organs (i.e., brain, liver, lung, kidney, and salivary glands; Fig. 4B ) after only 5 days of breastfeeding by latent mothers. We wondered whether pups nursed by latent mothers for shorter periods would also display signs of infection. To test this idea, we examined both C57BL/6 pups and age-matched, foster-nursed BALB/c pups after 1 day of breastfeeding by latent mothers. Strain-dependent susceptibility to MCMV has been previously reported in a study of adult mice in association with natural killer cell function, but its role in neonatal virus infection is not well understood (19) . Our first experiment assessed two pups, one from the mother's own litter (C57BL/6) and one foster-nursed pup (BALB/c). Both pups gave positive results, with the C57BL/6 and BALB/c pups demonstrating MCMV IE-1 mRNA in the liver and brain, respectively (data not shown). To confirm these results, we repeated this experiment examining 4 nursing pups, 2 from the mother's own litter ( Fig. 5; lanes 1 and 2) and 2 fosternursed pups (lanes 3 and 4) . After 1 day of breastfeeding, 2 of 4 pups expressed MCMV IE-1 mRNA in either liver or brain. In addition, MCMV IE-1 mRNA was detected in the brain of the C57BL/6 pup (lane 1) upon overexposure of the Southern blot (data not shown). These findings indicated that 1 day of breastfeeding was sufficient to transfer virus from latent mothers to nursing neonates of either mouse strain.
Transmission of infectious virus from latent mothers to breastfed neonates. Expression of MCMV IE-1 mRNA does not necessarily indicate production of infectious virus, as abortive MCMV infection may exhibit a similar outcome. As our l, and 150 l of breast milk were collected from latent mothers A, B, and C, respectively. Each milk sample was diluted 1:2 in sterile DPBS and injected (i.p.) into two 6-day-old CD-1 pups. Seven days after injection, pups were sacrificed and total RNA was prepared from brain, liver, lung, spleen, kidney, and salivary glands from individual pups and examined for MCMV IE-1 gene expression by RT-PCR with Southern analysis. It was interesting that MCMV IE-1 mRNA was not detected in the brain or kidney of neonates infected with breast milk via the i.p. route.
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initial attempts to detect infectious virus in peripheral organs from breastfed pups by standard plaque assays were unsuccessful, we utilized a more sensitive in vitro tissue culture assay developed by Pollock et al. (51) . This approach examines the presence of MCMV in homogenized tissue samples in the absence of methyl cellulose, allowing the detection of low (1 PFU) levels of virus by cytopathic effect (CPE). Four latent mothers breastfed a total of 12 pups for 12 to 14 days (Table 2;  also Table 1 , experiment 4, mothers A, B, C, and D). Each mother nursed or fostered 2 to 4 neonatal mice from either their own C57BL/6 litter or from an age-matched uninfected BALB/c litter. Organ homogenates were prepared from the brain, liver, lung, or kidney from breastfed neonates and used to inoculate monolayers of MEC, which were observed daily for 22 days for the presence of CPE. As summarized in the Venn diagram (Fig. 6) , infectious virus was detected in at least one organ, including the lung (6 of 12 pups), kidney (3 of 12 pups), and brain (2 of 12 pups), in 9 of 12 breastfed neonatal mice. No infectious virus was detected in the liver. Importantly, all latent mothers were capable of transmitting infectious virus to their breastfed offspring. To confirm that the homogenized organs themselves were free of any nonspecific inhibitory effect on MCMV infection in this assay, 10 PFU of MCMV was added to uninfected organ samples prior to incubation in culture. No differences in CPE between MCMV in homogenized organs versus MCMV in medium alone were noted. To estimate the levels of infectious virus present in individual organ samples, separate monolayers were infected with 0.1, 1, and 10 PFU of MCMV. Ten PFU of virus was consistently detected after 3 days of infection, while 1 and 0.1 PFU of MCMV were sporadically observed. CPE in neonatal homogenates appeared between 10 and 15 days, suggesting a level of infectious virus of less than 10 PFU. Results from recent studies by Slavuljica et al. (56) demonstrate that MCMV-specific maternal antibodies are passively transferred to neonates in utero and can afford protection against viral challenge at birth. To confirm the presence of antiviral antibodies in latently infected females, we examined neutralizing activity in serum by a standard plaque reduction assay. Sera, collected from 10 individual latently infected females (including mothers A, B, C, and D [ Table 2 ]) prior to mating, showed significantly reduced viral titers, at levels 64% and 44% of those seen with medium alone and with sera from naïve mice, respectively. Taken together, these results suggest that, in this model of natural infection, neutralizing antibodies in mothers with latent MCMV infection were insufficient to prevent transmission of infectious virus to nursing neonatal pups.
DISCUSSION
The American Academy of Pediatrics recommends breastfeeding for infants during the first 12 months of life, emphasizing nutritional, immunological, psychological, and developmental benefits (17) . Despite such benefits, breastfeeding can also be a means of transporting bacterial and viral pathogens from infected mother to infant, as has been documented for HCMV during primary and nonprimary infection. Our goal was to develop a mouse model for vertical transmission of MCMV during breastfeeding that mimicked nonprimary infection in humans, with reactivation of latent MCMV as the source of virus. Such a model would support future studies examining the character and effectiveness of the immune response to MCMV that develops in neonates infected under these conditions. Neonatal infection with MCMV in the presence of maternal antibodies (from latent mothers) may inhibit or enhance antiviral immune responses in pups (10, 54, 55), thereby having the potential to significantly impact vaccination strategies. Additional analogies to the human situation reflected in this mouse model could be studied to decipher mechanisms to interrupt viral reactivation during maternal lactation that could be exploited to prevent vertical transmission of virus to breastfed neonates. Furthermore, since CMV is a component of the "immune risk profile" for enhanced morbidity and mortality in the elderly, this natural infection model could provide a means for determining the long-term effects of viral reactivation and their impact on immunosenescence and disease.
Using a strategy developed by Kurz et al. (32) to distinguish genomic DNA from active viral transcription, we detected MCMV IE-1 mRNA in breast milk leukocytes from mothers latently infected with MCMV. By the same criterion, we observed transmission of MCMV from latent mothers to nursing neonates, with viral gene expression detected in the brain, liver, lung, spleen, kidney, and salivary glands. Vertical transmission from latent mother to offspring was confirmed by the presence of infectious MCMV in the lung, kidney, and/or brain of nursing pups. One of the objectives of this model was to demonstrate that breast milk from infected mothers was sufficient to transmit MCMV to nursing pups. Such evidence was acquired by injecting breast milk, collected from latent mothers, into uninfected pups, resulting in the successful infection of 100% of these neonatal mice. In this approach, the evidence of viral gene expression in neonates served as a sensitive biomarker for the presence of infectious virus in breast milk and supported the concept that reactivation of latent MCMV occurs in the lactating mammary gland in mice, similar to human conditions of HCMV reactivation. In humans, the rate of congenital infection cannot account for the levels of HCMV infection witnessed during the first year of life, implicating postnatal infection during breastfeeding as a likely candidate to explain this discrepancy. Indeed, virolactia (viral DNA in breast milk), but not maternal shedding of HCMV in saliva or urine, corresponds to postnatal HCMV infection in newborns (23, 61) . It is known that both latent HCMV and latent MCMV reside in myeloid cells (6, 20, 22, 27, 28, 42, 50) , with cellular differentiation leading to reactivation of the virus (57, 64) . Interestingly, recruitment of monocytes and macrophages is required for the normal branching morphogenesis and ductal outgrowth that occurs in the mammary gland immediately prior to lactation (34) . Monocyte recruitment and macrophage differentiation continues during lactation, making these leukocytes a principle constituent in milk (49) and a potential source of infectious virus specific to mammary tissue during lactation. Our studies revealed the presence of MCMV in the brains of pups after they were nursed by latent mothers for only 1 day (Fig. 5) , as well as in pups that continually nursed for 5 to 21 days (Fig. 4) . The results of in vitro studies by van den Pol et al. (67) demonstrate the opportunistic nature of MCMV in neonatal brains of mice, where viral infection occurs in neurons as well as in a wide range of nonneuronal cells. Neuronal infection during the embryonic or neonatal stages in mice persists after infection has cleared in peripheral organs, suggesting that this may be a site of chronic infection (66) . Furthermore, susceptibility of the brain to MCMV infection is age dependent, with virus detected in brains of fetuses after placental infection and in neonatal pups after i.p. infection at less than 24 h after birth but not in immunocompetent adults (29, 33, 53, 65) . Differences in the maturity of the innate and adaptive immune system could contribute to these findings; however, the developing brain itself appears more susceptible to the virus. Infection of brain slice cultures from 1-, 8-, and 12-dayold pups and adults revealed a striking decrease in the number of MCMV-GFP-infected cells in the hippocampus, cortex, corpus callosum, hypothalamus, and striatum with increasing age that was independent of an immune response (68) . This predilection for infecting immature neuronal cells may in part explain the virus's ability to attack and damage the central nervous system. Indeed, infection with MCMV results in brain anomalies, including disturbances in neuronal migration and cerebellum abnormalities, that are also found in infants with congenital HCMV infection (5, 29, 36, 48, 63) .
While examining the expression of MCMV IE-1 mRNA in various organs from neonatal pups breastfed by latent mothers, we noticed a high rate of mortality in pups less than 3 days of age (Table 1) . However, all of the surviving pups that nursed for 5 to 21 days demonstrated evidence of viral infection in two or more organs. Although models of oral MCMV infection represent a natural, biologically relevant means of exposure to the pathogen in neonatal mice, little information collected using this approach has been available to date. The results of one study show that ϳ3 weeks after oral infection of 1-to 5-day-old pups, MCMV can disseminate to the salivary gland, although a great deal of variation was observed within and among experiments (13) . Most studies of neonatal MCMV infection follow the virus after i.p. infection of mice that are less than 1 day old, where infection causes mortality in pups at rates similar to what we observed after oral infection in our model (4, 8, 29, 31, 52) . Viral dissemination in these mice displays a distinct pattern in which infection begins in the spleen and liver and then spreads to the brain and lung (4, 8, 29, 31, 52) . Upon resolution of acute infection in neonates, MCMV persists in the salivary gland for up to 6 months; this is similar to the long-term viral shedding observed in children infected with HCMV early in life (1, 52, 58) .
In our study, it appeared that there was a lack of temporal dissemination in neonates infected with MCMV while nursed by latent mothers. This could be because the times of virus infection are not synchronous in this model and/or because levels of maternal antibodies (and whether they are neutralizing or nonneutralizing) differ between latent mothers. It is known that virus-specific antibodies are not necessary for resolution of acute infection in adult mice, although they do restrict cell-to-cell spread during primary infection (25, 70) . Passive treatment of infected neonatal pups with MCMV-immune sera or virus-specific antibodies exhibits a protective effect against the virus, significantly reducing viral titers and disease pathology in the brain (8) . Furthermore, a recent study FIG. 6 . Vertical transmission of infectious virus to breastfed neonates. Twelve pups were breastfed by 4 latent mothers for 12 to 14 days. Each latently infected mother nursed (or fostered) 2 to 4 neonates either from her own C57BL/6 litter or from an uninfected, age-matched BALB/c litter. Organ homogenates prepared from brain, liver, lung, and kidney tissue from individual neonatal mice were used to inoculate MEC. The monolayers were observed daily for 22 days for signs of CPE, and a summary of the results is presented using a Venn diagram, with additional details given in Table 2 . The area of each circle is proportional to the number of neonatal mice with evidence of infectious virus in each organ, with the overlapping intersections illustrating the number of mice with evidence of infectious virus in multiple organs. 
a Evidence of infectious virus in pups after 12 to 14 days of nursing, as determined by CPE in MEC monolayers inoculated with individual neonatal tissue homogenates.
b All neonates were foster nursed by the indicated latent mother, except neonates 9 and 10, who were born to mother D.
demonstrated that pups born to mothers infected with MCMV 2 weeks prior to mating have undetectable levels of infectious virus in organs, suggested by the authors to be the result of maternal antibody transport across the placenta (56); however, maternal antibodies absorbed during nursing could also contribute to this result (39) . It is known from the guinea pig CMV (GPCMV) model that newborns nursed (or foster nursed) by GPCMV-positive mothers are protected from virus infection (18) . Preconception immunity against HCMV has been reported; such immunity results in a lower rate of congenital infection and lessens the severity of disease sequelae (16, 60) . The means by which preexisting maternal immunity affords some protection are unknown, although the presence of high-avidity virus-specific IgG 1 in HCMV-seropositive mothers restricts viral replication in the placenta (43, 47) . However, low-avidity virus-specific maternal antibodies may enhance transplacental transfer of HCMV through the neonatal FcRn-transcytosis of maternal antibody-coated virus (35) . This dichotomy in the relationship between the virus, the immune system, and FcRn becomes problematic when considering the best vaccination strategy for this at risk population.
In conclusion, neonatal mice represent a suitable model for studying certain aspects of CMV disease, demonstrating signs of extended viral shedding and neural tropism that may reflect a lack of immune control over the virus. The current studies characterized the development of a model for maternal transmission of MCMV by breastfeeding. This approach will allow us to discern whether infection of neonates by this natural route has consequences on the development of immunity. It may represent a means of natural immunization against the virus, or early exposure to pathogens may play a role in the development of tolerance, with potential for detrimental outcomes in later life.
